Introduction {#sec1-1}
============

Chemically extracted acellular nerve allografts (CEANA) can eliminate Schwann cells, myelin and disintegrating debris that can cause rejection, attenuate immune rejection after transplantation, and also help retain the nerve canal (Tuli et al., 2003; Cao et al., 2012). These canals can provide a good scaffold for the regeneration of nerve defects, and have a similar effect as autologous nerve transplantation in guiding nerve regeneration, offering a local environment for nerve recanalization (Jinbao et al., 2006). Brain-derived neurotrophic factor (BDNF) is an important neurotrophic factor for sensory and motor neurons (Zheng et al., 2009; Sun et al., 2012; Tang et al., 2012; Zhang et al., 2012). Gravel et al. (1997) found that after recombinant adenovirus vector carrying BDNF gene was injected into injured nerve in rats, the vector was expressed and secreted in Schwann cells, thus protecting the damaged motor neurons and promoting the regeneration of nerve axons. Bone marrow mesenchymal stem cells (BMSCs) have abundant sources and strong proliferative capacity (Liu et al., 2013a, b). These cells are accessible and available for culture, and their low immunogenicity help reduce or avoid rejection. Furthermore, BMSCs transplanted into lesion sites can differentiate into neuron-like cells (Gravel et al., 1997).

This study aimed to observe the effect of acellular nerve allograft combined BDNF on the repair of sciatic nerve defects in rats, in a broader attempt to create a favorable microenvironment for nerve regeneration.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

A total of 65 healthy male Sprague-Dawley rats, aged 2 months, weighing 200--300 g, were provided by the Experimental Animal Center of Henan Province, China (license No. 410126).

Preparation of acellular nerve allograft {#sec2-2}
----------------------------------------

After 30 rats were anesthetized with 10% chloral hydrate (1 mL/100 g), the skin at the surgical area was shaved and disinfected. Sciatic nerve (8--10 mm) was cut at the level of the inferior margin of piriformis muscle (Han et al., 2006), and immersed in distilled water for 13 hours. Subsequently, the harvested sciatic nerve was taken out of distilled water and oscillated in 3.0% Triton X-100 solution (consisting of 48.5 mL distilled water and 1.5 mL Triton X-100 solution) for 12 hours at room temperature (25°C). Then the nerve was transferred to 4.0% sodium deoxycholate solution (consisted of 0.03 L distilled water and 1.2 g sodium deoxycholate powder), and was shaken for 1 day. The above steps were repeated once. Then the nerve was rinsed in distilled water for 0.5 hours, extracted and immersed in 30 mL sterile PBS (pH 7.4), and stored at 4°C. After the above processing, the acellular sciatic nerve exhibited a good appearance and was sterilized for use.

Preparation of BDNF transfected BMSCs {#sec2-3}
-------------------------------------

Femoral bone marrow was isolated from five male Sprague-Dawley rats, and BMSCs were cultured to passage 3 and placed in 6-well culture plates precoated with coverslips. When the cells covered the bottom of the culture flask, Giemsa staining was performed. In brief, after culture liquid was removed, BMSCs were rinsed with PBS solution, fixed with 3% methanol for 10 minutes, rinsed three times with PBS solution, and stained with Giemsa for 10 minutes, followed by 5 minutes of washing. The morphology of the stained cells was observed under an inverted phase contrast microscope (type CKX31/41; Olympus, Tokyo, Japan).

Passage 3 BMSCs were randomly divided into two groups (Barbash et al., 2003), six wells for each group. In the transfection group, 1 mL cell suspension, EDTA liquid and 12 μg pcDNA3.1-BDNF plasmid (School of Basic Medical Sciences, Zhengzhou University, Henan Province, China) were pipetted and electrically transferred in an electrical transfer glass (type MINIPACK GPII CUVETTE1652081, 4 mL, Bio-Rad Company, Hercules, CA, USA). Electrical transfer parameters: voltage 300 V, capacitance 25 μF, resistance 200 Ω, shock time 6 ms. The cells were hit by electric shock within 5 minutes and quickly placed in an ice bath, then cultured with DMEM medium containing 15% fetal bovine serum (Dongsheng Biotech Co., Ltd., Guangzhou, China), in 37°C, 5% CO~2~ incubator for 24 hours. Subsequently, the cultured cells were electrically transferred and cultured for 21 days after DMEM medium was replenished. In the non-transfection group, no pcDNA3.1-BDNF plasmid was used and the other steps were the same as those in the transfection group. Cells cultured for 3 weeks in two groups were used for the following experiments. BDNF mRNA and protein expression level in the BMSCs was detected with reverse transcription PCR and western blot assay, respectively (Chen et al., 2004). The expression of surface antigen markers was determined using BD FACS Canto flow cytometer (Becton Dickinson, CA, USA).

Preparation of rat models of sciatic nerve defects and group management {#sec2-4}
-----------------------------------------------------------------------

The remaining 30 Sprague-Dawley rats were anesthetized with 10% chloral hydrate (0.4 mL/100 g) for 2.0--2.5 hours. The right sciatic nerve was exposed under sterile conditions, then 7 mm of sciatic nerve was cut 3 mm lateral to the inferior margin of the piriformis muscle, allowing natural sciatic nerve retraction. Therefore, a 10-mm sciatic nerve defect model was established. The rat models were randomly divided into three groups: the CEANA group, CEANA + BMSCs group, and the CEANA + BDNF + BMSCs group. Each group contained 10 rats. In the CEANA group, sciatic nerve defect was repaired with 10-mm acellular nerve allograft through end-to-end anastomosis, and 0.5-mL saline was injected into the tissue around the transplanted site. In the CEANA + BMSCs group, sciatic nerve defect was repaired with 10-mm acellular nerve allograft through end-to-end anastomosis, and 0.5-mL BMSC suspension (1 × 10^7^/mL) was injected into the transplanted site. In the CEANA + BDNF + BMSCs group, sciatic nerve defect was repaired with 10-mm acellular nerve allograft through end-to-end anastomosis, and 0.5-mL suspension (1 × 10^7^/mL) of the BDNF-transfected BMSCs was injected into the transplanted site (Zhao et al., 2010).

General condition of rats after recovery {#sec2-5}
----------------------------------------

The mental state, wound healing, muscle atrophy and ulceration at the surgical site, complications, presence of a dragging or crouching walk were observed and recorded every morning for 8 weeks.

Sciatic functional index (SFI) after recovery {#sec2-6}
---------------------------------------------

At 2, 4, 6, and 8 weeks after repair, the footprints of each rat were collected according to the methods described by Nakazato et al. (2007). Three clear footprints were selected at both sides. The total spreading or toe spread, print length, and distance between intermediary toe spread were measured. SFI was calculated using the Bain formula: SFI = −38.3 (EPL -- NPL/NPL) + 109.5 (ETS -- NTS/NTS) + 13.3 (EIT -- NIT/NIT) − 8.8. 0: normal nerve function; −100: complete loss of nerve function. EPL: Print length of experimental feet. NPL: Print length of normal feet. ETS: Toe spread of experimental feet. NTS: Toe spread of normal feet. EIT: Distance between intermediary toe spread of experimental feet. NIT: Distance between intermediary toe spread of normal feet.

Triceps wet weight recovery rate, total number of myelinated nerve fibers and myelin thickness after recovery {#sec2-7}
-------------------------------------------------------------------------------------------------------------

At 8 weeks after repair, the bilateral triceps surae were harvested and weighed using an electronic balance (type HZT A1000, Shanghai Jia Zhan Instrumentation Equipment, Shanghai, China) after surface blood clot was removed using gauze. Weight was calculated using the following formula: triceps wet weight recovery rate = (triceps wet weight at surgical side/triceps wet weight at control side) × 100%. A 7-mm sciatic nerve was cut at the inferior border of the piriformis muscle of the operated side, 3 mm lateral to the distal anastomosis. The specimen was rinsed, fixed with glutaraldehyde, and embedded using epoxy 812. Then the specimen was sliced into ultrathin cross-sections and counterstained with uranium-lead. Nerve regeneration was observed under transmission electron microscopy (CM120, Oxoid, Wade, UK). The myelin sheath thickness was measured using Image Pro Plus 5.0 system (Bethesda, Maryland, USA). Semithin sections of sciatic nerve specimens were stained with toluidine blue and observed under transmission electron microscopy (JEM-1200EX, Japanese Electronics Company, Tokyo, Japan), to calculate the total number of myelinated nerve fibers and the myelin thickness.

Statistical analysis {#sec2-8}
--------------------

Data were expressed as the mean ± SD and statistically analyzed using SPSS 18.0 software (SPSS, Chicago, IL, USA). The difference among groups was compared using one-way analysis of variance, and intergroup difference was compared using the Student-Newman-Keuls test. A level of α = 0.05 was considered significantly different.

Results {#sec1-3}
=======

Identification of subcultured BMSCs {#sec2-9}
-----------------------------------

BMSCs adhered to the wall of culture flasks, and were round in shape with small cell bodies at 1 day after isolation and culture ([**Figure 1A**](#F1){ref-type="fig"}). Following 10 days in culture, BMSCs clustered into batches and were spindle shaped with large cell bodies ([**Figure 1B**](#F1){ref-type="fig"}). After 3 weeks of culture, more spindle-shaped BMSCs were seen ([**Figure 1C**](#F1){ref-type="fig"}). After 4 weeks, several BMSC colonies formed and cells overlapped into clusters ([**Figure 1D**](#F1){ref-type="fig"}).

![Morphology of rat bone marrow mesenchymal stem cells after subculture (inverted phase contrast microscope, × 400).\
(A) At 1 day of culture, bone marrow mesenchymal stem cells adhered to the wall of culture flasks and were round with small cell bodies. (B) At 10 days, bone marrow mesenchymal stem cells were spindle shaped with large cell bodies. (C) At 3 weeks, the number of spindle bone marrow mesenchymal stem cells was significantly increased. (D) At 4 weeks, bone marrow mesenchymal stem cells were distributed in a cluster.](NRR-9-1814-g001){#F1}

The subcultured BMSCs exhibited a sparse distribution and round shape after trypsin digestion, and began to retract. The morphology of cultured cells then changed to a uniform spindled appearance. At a high density, cells were distributed in a swirling or radial arrangement. The subcultured cells had a high adherent rate and began to adhere 4 hours after culture. Subculture was repeated 3--4 days later. Subcultured BMSCs exhibited uniform morphology. Passage 3 cells proliferated and secreted extracellular matrix ([**Figure 2**](#F2){ref-type="fig"}). Passage 5 cells had the potential to differentiate into fat cells and fibroblasts. Flow cytometry results showed the expression rates of surface antigens on passage 3 subcultured BMSCs to respectively be: CD90 93.25%, CD44 95.42%, C105 89.73%, CD34 0.23%, and CD45 0.31%. Therefore, passage 3 BMSCs were applied for subsequent experiments.

![Morphology of subcultured bone marrow mesenchymal stem cells at passage 3 (inverted phase contrast microscope, × 100).\
(A) After 10 days of primary culture, bone marrow mesenchymal stem cells adhered and were spindle shaped with large cell bodies. (B) Passage 3 bone marrow mesenchymal stem cells proliferated and clustered into batches.](NRR-9-1814-g002){#F2}

BDNF mRNA and protein expression levels after transfection {#sec2-10}
----------------------------------------------------------

At 3 days after transfection, BDNF mRNA expression level (the optical density ratio of BDNF/GAPDH) in the transfected cells was higher than that in the control cells (1.652 ± 0.082, 0.470 ± 0.021; *P* \< 0.01), as detected by RT-PCR test. This evidence suggested the success of BDNF transfection ([**Figure 3A**](#F3){ref-type="fig"}).

![Brain-derived neurotrophic factor (BDNF) mRNA and protein expression levels in transfected bone marrow mesenchymal stem cells.\
BDNF mRNA and protein were highly expressed in bone marrow mesenchymal stem cells. (A) RT-PCR amplification and identification results. 1: Non-transfection group; 2: BDNF-positive amplification products; M: marker. (B) BDNF protein expression in the transfected cells (western blot assay). 1: Non-transfection group; 2: transfection group.](NRR-9-1814-g003){#F3}

At 1--2 days after transfection, we extracted proteins from the transfected cells. Western blot assay results visualized a 13 kDa BDNF-positive protein band and the band became strongly positive with time, while a weak band was visible in the non-transfection group ([**Figure 3B**](#F3){ref-type="fig"}). This evidence showed that BDNF-transfected BMSCs efficiently expressed BDNF protein, indicating the success of transfection.

General conditions of rats after acellular nerve allograft combined with BDNF-transfected BMSC transplantation {#sec2-11}
--------------------------------------------------------------------------------------------------------------

Rats began eating immediately after waking from anesthesia and had apparent unsteady gait. At 2 weeks after repair, foot muscles of the operated side exhibited atrophy and occasional ulcers. At 4 weeks, muscle atrophy and ulceration of each group were aggravated, and rat feet could not completely straighten when walking. Feet were also unable to support the animals or touch the ground. At 6 weeks, better motor function was observed in the CEANA + BDNF + BMSCs group compared with the other two groups. Rats from the CEANA group showed poor nerve regeneration and restoration, as demonstrated by long-term red swelling of legs and feet, and nonhealing ulcers. Rats achieved neurological functional recovery in the CEANA + BDNF + BMSCs group, with leg muscle strength increasing allowing rats to stand using their right hindlimbs. At 8 weeks, all wounds were healed without infection and ulcers, rats in the CEANA + BDNF + BMSCs group could separate their toes and had no walking disorders.

Effect of acellular nerve allograft combined with BDNF-transfected BMSCs transplantation on sciatic nerve function of rats {#sec2-12}
--------------------------------------------------------------------------------------------------------------------------

At 2, 4, 6, and 8 weeks after the repair, all the incisions were healed well. SFI gradually increased with the time. SFI was the highest in the CEANA + BDNF + BMSCs group, then in the CEANA + BMSCs group, and lowest in the CEANA group at 2, 4, 6, and 8 weeks (*P* \> 0.05; [**Table 1**](#T1){ref-type="table"}).

###### 

Effects of CEANA combined with BDNF-transfected BMSCs on sciatic functional index in rats

![](NRR-9-1814-g004)

Effect of acellular nerve allograft combined with BDNF-transfected BMSC transplantation on triceps wet weight recovery rate, total number of myelinated nerve fibers and myelin thickness {#sec2-13}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

At 8 weeks after repair, triceps wet weight recovery rate, myelin sheath thickness and number of myelinated nerve fibers were measured in the three groups. The variations were the largest in the CEANA + BDNF + BMSCs group compared with the CEANA + BMSCs group, whilst the smallest were seen in the CEANA group ([**Table 2**](#T2){ref-type="table"}).

###### 

Effects of CEANA combined with BDNF-transfected BMSCs on triceps wet weight recovery rate, total number of myelinated nerve fibers and myelin sheath thickness in rats with sciatic nerve injury

![](NRR-9-1814-g005)

Discussion {#sec1-4}
==========

Peripheral nerve regeneration has been widely studied in the field of tissue engineering (Friedenstein et al., 1976; Connolly et al., 1995; Pittenger et al., 1999; Wexler et al., 2003; Hu et al., 2009). BMSCs are the preferred seed cells in regenerative medicine studies and show great application prospects in clinical treatment (Friedenstein et al., 1976; Connolly et al., 1995; Pittenger et al., 1999; Wexler et al., 2003; Hu et al., 2009). The development of biotechnology, application of tissue engineering, and genetic engineering technology make gene and cell replacement therapy a hot research topic (Wexler et al., 2003). The long-term or permanent expression of target gene expression *in vivo* is critically determined by the choice of target cells. The target gene introduced into the target cells should have the ability to self-renew. Stem cells are ideal target cells in cell therapy and gene therapy, due to the potential for self-renewal and multiple differentiation (Devine et al., 2002; Wang et al., 2002). BMSCs are the most studied stem cells because they are easily isolated, amplified, and can multi-directionally differentiate under appropriate conditions. Furthermore, autologous transplantation may eliminate the immunogenicity and complexity caused by allogeneic transplantation. BMSCs can also freely migrate and integrate into adjacent tissue, and are prone to exogenous gene transfection and expression (Murphy et al., 2003; Urdzikova et al., 2006). Extraction of mesenchymal stem cells derived from bone marrow is simple and has an abundant source. Mesenchymal stem cells can greatly proliferate within the short term and the quantity of primitive cells increases a thousand fold within a couple of weeks. In fact, mesenchymal stem cells cultured *in vitro* still maintain the proliferation and differentiation capacities up to 19 generations (Jiang et al., 2002; Devine et al., 2003). Meanwhile, cellular immunology studies demonstrated very low immunogenicity of mesenchymal stem cells. A small amount of mesenchymal stem cells express major histocompatibility antigens MHCI molecules, rather than MHCII molecules. Additionally, mesenchymal stem cells differentiated *in vitro* can express Schwann cell markers and promote peripheral nerve regeneration (Jiang et al., 2002; Devine et al., 2003). In summary, mesenchymal stem cells are characterized by an abundant source and easy harvesting, and are more easily cultured compared with other cell types. Furthermore, MSCs have a strong proliferative capacity, low immunogenicity to reduce or avoid rejection, are highly plastic, and differentiate into neuron-like cells after transplantation (Jiang et al., 2002; Devine et al., 2003).

In this study, we successfully transfected BDNF into BMSCs using genetic engineering techniques and repaired peripheral nerve defects with the transfected BMSCs plus acellular nerve allografts. The combination of tissue engineering, genetic engineering, neural tube and microsurgical techniques maximized their advantages, which was conducive to achieving better peripheral nerve regeneration. The results of the present study showed that, SFI, triceps wet weight recovery rate, myelin sheath thickness, and number of myelinated nerve fibers were changed in the three groups, and the variations were the largest in the CEANA + BDNF + BMSCs group, then in the CEANA + BMSCs group, and finally the CEANA group. BMSCs transfected with BDNF were superior to BMSCs alone in the repair of peripheral nerve. BDNF is not only a crucial nutritional factor of sensory neurons, but is also important for motor neurons. BDNF acts on peripheral and central neurons (Schwartz et al., 2002; Hudson et al., 2004; Caddick et al., 2006). BDNF promoted the survival and neurite outgrowth of chick embryonic sensory neurons cultured *in vitro*. Local injection of BDNF is a promising strategy to treat facial nerve injury in New Zealand rabbits. BDNF also promoted the regeneration and myelination of the injured sciatic nerve (Schwartz et al., 2002; Hudson et al., 2004; Caddick et al., 2006). After sciatic nerve transection, BDNF mRNA expression at the distal end of the sciatic nerve was upregulated, then BDNF was transfected into the affected nerve *via* osmotic pumps. The diameter of regenerating axons was increased significantly and the myelin became thicker (Zhang et al., 2006; Chen et al., 2007).

BDNF may promote nerve regeneration by regulating the expression of calcium channel proteins on the cell membrane and affecting calcium ion flow. BDNF also regulates the expression of neuropeptides to maintain intracellular calcium ion homeostasis. BDNF prevents free radical damage, initiating cell repair, and promoting intracellular antioxidant enzyme activity. BDNF functions to regulate gene expression within neurons, which is achieved by transcription factors and other upstream components (Tolwani et al., 2004; Yetiser et al., 2008). BDNF maintains normal signal transfer and promotes the secretion of molecules that are responsible for normal neuronal functions (Tolwani et al., 2004; Yetiser et al., 2008). This study is limited in that no further investigations on the synergic role of BDNF and BMSCs, and no detailed study on underlying mechanisms of action were performed. Further studies are needed to verify the repair effect on peripheral nerve injury using genetic engineering and cell engineering techniques.

In summary, acellular nerve allograft combined with BDNF-transfected BMSCs can improve the repair effect of nerve grafts and the morphology of injured nerves. This combination is better than nerve allograft alone.
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